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Abstract—We demonstrate generation and transmission of
optical signals by directly interfacing highly efficient silicon-
organic hybrid (SOH) modulators to binary output ports of an
FPGA. Using an SOH Mach-Zehnder modulator (MZM) and an
SOH 1Q modulator we generate on-off-keying (OOK) and binary
phase shift keying (BPSK) signals as well as quadrature phase
shift keying (QPSK) and 16-state quadrature amplitude
modulation (16QAM) formats. Peak-to-peak voltages amount to
only 0.27 Vy, for driving the MZM and 0.41V,, for the 1Q
modulator. Neither digital-to-analog converters (DAC) nor drive
amplifiers are required, and the energy consumption in the
modulator amounts to record-low 18 fJ/bit for 16QAM signaling.

Index Terms— Electrooptic modulation, Optical transmitters,
Phase shift keying, Photonic integrated circuits, Quadrature
amplitude modulation, Silicon photonics

. INTRODUCTION

IGH-capacity optical interconnects are key to overcome

transmission  bottlenecks in information-processing
systems. In this context, intimate co-integration and direct
interfacing of photonic and electronic circuitry [1] is
indispensable to realize low-cost transceiver modules with
high throughput, low power consumption, and the capability
of using wavelength division multiplexing. At the same time,
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optimized spectral efficiency becomes increasingly important
not only for telecommunications but also for optical
interconnects in data centers, where space for fiber bundles is
a precious resource and where installed fibers represent the
most costly part of the communication system. This calls for
higher-order modulation formats [2] such as quadrature phase-
shift keying (QPSK) or M-ary quadrature amplitude
modulation (M-QAM). However, the associated technical
complexity, cost and power consumption of today’s photonic-
electronic interfaces is still prohibitive for optical
interconnects: The generation of higher-order modulation
formats usually relies on high-speed digital-to-analog
converters (DAC) and linear electrical amplifiers for driving
electro-optic modulators. The energy consumption of DACs
and amplifiers is considerable: Operating a 3-bit power
DAC [3] at a peak-to-peak voltage of 3.2 V and a symbol rate
of 42 GBd requires a total power of 2 W, which corresponds
to an energy consumption of
2 W/ (42 GBd x 3 bit) = 16 pJ / bit. This is already in the
order of the total package power dissipation of small form-
factor pluggables (SFP) or 120 Gbit/s active optical cables
(AOC) that are based on directly modulated vertical-cavity
surface-emitting lasers (VCSEL). Power-efficient DAC-less
amplifier-less transmitters are therefore indispensable for
realizing high-speed optical interconnects that exploit co-
integration of photonics with digital CMOS electronics for
generating advanced modulation formats.

For conventional on-off-keying (OOK), amplifier-less
interfaces between the outputs of field-programmable gate
arrays (FPGA) and silicon-photonic micro-ring modulators
were demonstrated at line rates of 2.5 Gbit/s and drive
voltages of 1.2V, [4]. The comparatively low drive voltage
was enabled by the resonant behavior of the micro-ring
modulator, which allows overcoming the rather low efficiency
of depletion-type modulators. However, this concept cannot be
easily transferred to the generation of higher-order modulation
formats where the phase needs to be controlled independently
of the amplitude. Moreover, the scheme requires to carefully
match the ring resonance to the carrier wavelength by, e.g.,
heaters, which increase the power consumption considerably.
Regarding advanced modulation formats, DAC-less
generation of 16QAM optical signals was proposed and
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demonstrated by using serial or parallel configurations of
multiple Mach-Zehnder modulators (MZM), each operated
with binary drive signals [5]-[7]. However, this approach still
requires electrical amplifiers to drive the various MZMs with
peak-to-peak voltages of typically more than 2 V [7]. More
recently, generation of a 16QAM optical signal from binary
electrical drive signals was demonstrated using 1Q modulators
that consist of MZMs with segmented phase shifters [8].
However, in this experiment, an additional electrical driver
circuit was needed to interface the analog drive inputs of the
modulator to the digital outputs of the data source. This leads
to an additional electrical power consumption of
approximately 1 W, corresponding to an energy consumption
of 18 pJ / bit at a data rate of 56 Gbit/s.

In this paper, we report on non-resonant and yet highly-
efficient silicon-based modulators that can be operated directly
with binary sub-Volt output signals of standard field-
programmable gate arrays (FPGA) without the need for
digital-to-analog converters or drive amplifiers [9], [10].
These devices are realized on the silicon-organic hybrid
(SOH) platform [11]-[13], which enables generation of a wide
variety of modulation formats at lowest energy
consumption [14]-[17]. We demonstrate the viability of the
approach in a series of experiments: Using SOH MZM and 1Q
modulators, we show generation and transmission of on-off-
keying (OOK) and binary phase shift keying (BPSK) signals
at 10 Gbit/s as well as QPSK and 16QAM signaling at 13
GBd. For the 16 QAM experiment, we use peak-to-peak drive
voltages of only 0.41V,, leading to an ultra-low energy
consumption of only 18 fi/bit in the modulator — far below
that of comparable all-silicon devices. We believe that DAC-
less and amplifier-less interfaces between digital circuitry and
highly efficient SOH modulators can enable a novel class of
highly scalable optical interconnects with unprecedented
energy efficiency.

The paper is organized as follows: Section Il explains
specifics of the SOH technology platform and describes the
structure of the modulators. Experiments with an FPGA-
driven Mach-Zehnder modulator using 10 Gbit/s OOK and
BPSK formats are presented in Section Ill. In Section 1V, the
DAC-less generation of QPSK and 16QAM signals is
demonstrated, and data transmission over a distance of up to
100 km with a data rate of up to 52 Gbit/s is shown. Finally,
we discuss the energy requirements of our modulators in
Section V.

I1. SILICON ORGANIC HYBRID (SOH) ELECTRO-OPTIC
MODULATORS

Our silicon-organic hybrid (SOH) modulators combine
silicon-on-insulator (SOI) slot waveguides with organic
electro-optic (EO) claddings [13], [18]. The optical slot
waveguide has two silicon “rails” [13], Fig. 1(a). The space
between them is filled with an electro-optic organic material.
For quasi-TE polarization, the dominant field component E, in
the slot is strongly enhanced due to the discontinuity of the
normal electric field component at the interface to the silicon
rails. If a voltage is applied across the slot, the refractive index
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Fig. 1. Schematic of an SOH MZM. The device consists of two phase
modulators driven in push-pull operation by a single coplanar transmission
line (ground-signal-ground, GSG). The GSG transmission line is made of
copper (Cu) strips that are connected to the Si rails of the slot waveguide
900 nm high tungsten (W) vias and thin n-doped silicon slabs. The silicon
slot waveguide (Wsjot = 120 NmM, Wgqii = 240 nm, g = 220 nm) is coated with
the electro-optic material SEO100 (not shown). (b) Ex component of the
optical field in the slot waveguide. (c) Ex component of the electrical RF
drive signal. The optical mode and the modulation field are both confined to
the slot, resulting in strong interaction and hence in efficient modulation.

changes and the phase of the optical wave is modulated. Two
such phase shifter sections form the arms of an SOH Mach-
Zehnder interferometer as illustrated in Fig. 1(a). By
controlling the phase shift in both arms in a push-pull
configuration, the light amplitude is modulated without
introducing a residual phase shift. For modulation at
microwave frequencies, copper electrodes in form of a
ground-signal-ground (GSG) transmission line are added. The
metal electrodes are connected to the slot by 900 nm high
tungsten vias and thin n-doped silicon slabs, so that the
modulating voltage drops mainly across the narrow slot of
each phase shifter section. A cross-section of an SOH phase
shifter together with the optical and RF field is depicted in
Fig. 1(b) and (c), respectively. The optical field strongly
overlaps with the modulating RF field in the slot, leading to
highly-efficient electro-optic interaction and hence low drive
voltage requirements.

The underlying SOI structures were fabricated in IMEC’s
active silicon photonics platform, which includes three etch
steps for the silicon waveguides as well as implants and
silicidation for the electrically contacted devices. The EO
material is deposited on the pre-processed device by spin-
coating and fills the slot homogeneously. A separate step [12]
is necessary for poling the electro-optic cladding: At an
elevated temperature, a poling voltage across the (floating)
ground electrodes aligns the EO chromophores in the same
direction for both slots. If a modulating RF voltage is applied
to the signal electrode, the associated field is oriented in
opposite directions in the two arms of the MZM, leading to
phase shifts of the same magnitude but opposite sign and
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Fig. 2. Experimental setup for directly driving an SOH modulator with the
GTX interfaces of a Virtex-7 FPGA. A pseudo-random binary sequence
(PRBS) at the GTX output ports is applied to the Mach-Zehnder modulator
(MZM) without further amplification. The MZM consists of two 1 mm long
SOH phase shifters that are driven by a ground-signal-ground (GSG)
transmission line. Drive signal and bias voltage are combined in a bias-tee.
The optical carrier from an external cavity laser (ECL) is modulated in the
SOH MZM, and an erbium-doped fiber amplifier (EDFA) compensates the
insertion loss before the signal is fed to the receiver (Rx). For coherent
detection, an optical modulation analyzer (OMA) is used, whereas direct
detection relies on a single photodiode. For direct detection, a 2 nm bandpass
filter (BPF) suppresses ASE noise of the EDFA.

hence to efficient push-pull operation [13]. As an EO cladding
material we use SEO100 from Soluxra, LLC. The material is
specified for a high electro-optic coefficient of 110 pm/V and
operating temperatures of up to 85°C.

The electrical bandwidth of the modulators is limited by RC
low-pass characteristics arising from the capacitance of the
slot which has to be charged and discharged via the resistive
silicon slabs [18]. To increase the modulation bandwidth, a
static gate field of 0.1 V/nm is applied between the bulk
silicon and the SOI device layer. The gate field leads to an
electron accumulation layer and to a higher conductivity of the
silicon slabs and hence to an increased bandwidth of the
devices [18]-[20]. The =voltage-length product of the
modulators is below 0.8 Vmm. The r-voltages have been
measured at bias voltages of 2 VV or more in order to prevent
screening of the applied fields by free charges in the cladding,
which may occur at zero or small bias. Due to the low
mobility of the free charges, this effect is only observable for
low frequencies and does not impede high-frequency
operation [12].

I1l. BINARY DRIVEN SOH MACH-ZEHNDER MODULATOR
WITHOUT ELECTRICAL AMPLIFICATION

In a first set of experiments, we use a single electrical drive
signal which is fed to an MZM to generate OOK and BPSK
signals. The experimental setup is depicted in Fig. 2. Light
from an external-cavity laser (ECL) is coupled to a 1 mm long
SOH MZM. The device features a n-voltage of 0.74 V at DC,
measured at a bias voltage of around 3.5V to prevent
screening effects [12]. At the output of the modulator chip, the
optical signal is amplified by an erbium-doped fiber amplifier
(EDFA) to compensate for the insertion loss of the MZM chip.
The total insertion loss amounts to approximately 20 dB and is
dominated by the fiber-chip coupling loss of non-optimized
grating couplers of about 6 dB per interface. The on-chip loss
of the MZM amounts to approximately 8 dB for maximum
transmission of the modulator and can be decomposed into
losses of passive components (< 1 dB), free-carrier absorption
within the doped silicon waveguides of 1.5 dB, and scattering
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Fig. 3. Electrical drive signals and corresponding optical signals for OOK
and BPSK at 10 Gbhit/s. (a) Eye diagram of electrical output of GTX
transmitter. (b) Eye diagram of the optical OOK signal after direct detection
by a photodiode. The quality factor Q = 6.7 indicates error-free detection. (c)
Constellation diagram (top) and eye diagram (bottom) of optical BPSK
signal obtained after coherent reception. An error-vector magnitude (EVM)
of 13.7 % indicating error-free signaling [22] (BER < 10°°) is measured.

loss of 55dB due to sidewall roughness of the slot
waveguide. We expect that losses can be reduced considerably
in future device generations. As an example, the insertion loss
of undoped slot waveguides can be decreased well below
1 dB/mm by reducing the sidewall roughness [21]. Moreover,
optimization of doping profiles might allow to decrease the
total carrier-induced propagation losses.

After amplification, the signal is fed to the optical receiver.
The receivers are chosen differently depending on the
modulation format: A coherent receiver (RXx) using another
ECL as a local oscillator is used for coherent BPSK
demodulation, whereas direct detection on a fast photodiode is
performed for OOK signals. In the case of direct detection, a
2 nm bandpass filter (BPF) suppresses amplified spontaneous
emission (ASE) from the optical amplifier.

For the experiment, we use a Xilinx XC7VX485T FPGA on
a VC707 evaluation board. A pseudo-random binary sequence
(PRBS) of length 23'-1 is generated on the FPGA and fed to a
single GTX transmitter (Tx) for OOK and BPSK modulation.
GTX transceivers are specified to operate at a maximum of
0.5 V,, for single-ended operation in the low-frequency limit.
In our case, we measure a swing of about 310 mV,, from the
electric eye diagram at the transmitter output. The Xilinx GTX
interfaces are neither designed to drive photonic devices nor
do they provide a flat frequency response. The pronounced
low-pass characteristic was compensated by an internal digital
3-tap finite-impulse response (FIR) filter. Using the FIR filter
configured to high-pass behavior results in a nicely open eye
diagram of the electrical signal, Fig. 3 (a), but further reduces
the voltage swing at the output port to 270 mV, for our
experiment. For the optical signal generation experiment, the
FPGA outputs are directly connected to microwave probes
that contact the modulator’s GSG transmission lines. A bias
voltage is applied via bias-tee to adjust the operation point.

A. Signal Generation

To characterize the performance of the transmitter, OOK
and BPSK signals are generated and recorded for offline
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Fig. 4. Experimental setup for OOK transmission experiment: Laser light
from an ECL is coupled to the SOH modulator that is directly driven from
the GTX Tx output of the FPGA. The signal is amplified by an erbium-doped
fiber amplifier (EDFA), and a band-pass filter with a 2 nm passband is used
to suppress amplified spontaneous emission (ASE) noise. A photodiode is
used for direct detection of the signal. The electrical signal extracted from
the photodiode and sent to a GTX Rx port of the same FPGA without further
electrical amplification. Data analysis showed BER of 6.6 x 10°.

signal analysis. The experimental results are summarized in
Fig. 3 (b) and (c). OOK signals are obtained by biasing the
SOH MZM at the quadrature point. A real-time oscilloscope
records the output current of a fast pin photodiode delivered to
a 50 Q impedance. We use Matlab for offline signal analysis.
No post-equalization is employed. Eye diagrams for the
electrical drive signal and the optical signal as received are
depicted in Fig. 3 (a) and (b), respectively. We do not measure
any errors in approximately 390.000 recorded bits. The
extracted quality-factor Q = 6.7 for the transmission indicates
error-free operation (BER ~ 10™). Comparison of both eye
diagrams in Fig.3 (a) and (b) shows that bandwidth
limitations are mainly due to the GTX module and not due to
the SOH device. This is in agreement with an independent
characterization of the SOH MZM, which exhibited a
modulation bandwidth of approximately 15 GHz — well above
the bandwidth of the GTX modules. Hence, without further
bandwidth degradation, it would be possible to improve signal
quality by increasing the length of the phase shifters, thereby
improving modulation depth at the expense of device
bandwidth. Alternatively, when keeping the device geometry,
this modulator could be used at higher symbol rates if
supported by the electronic driver.

With the same drive signals, but operating the modulator in
the null point, BPSK signaling is achieved. We use an optical
modulation analyzer (OMA) with an external ECL acting as
local oscillator (LO) for coherent detection. Signal analysis
includes digital polarization alignment, frequency and phase
estimation, and post-equalization. As a measure for signal
quality, we use the error-vector magnitude (EVM), which
represents the mean deviation of the measured constellation
points from their ideal position in the complex plane [22]. For
our BPSK signaling experiment, we measure an EVM of
13.7 %, which can be related to an estimate BER [22] well
below 10° provided that signal performance is limited by
Gaussian noise. This is consistent with the bit-error analysis of
the recorded data stream of approximately 620 kbit in which
no bit errors were measured. The corresponding constellation
and eye diagram for the BPSK signal are shown in Fig. 3(c).
Even without post-equalization, error-free transmission is
observed: The EVM is 21.5 % (estimating BER < 10™9), and
no errors were found in the recordings. These experiments
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Fig. 5. Schematic of experimental setup for DAC-less generation of
16QAM. The silicon-organic hybrid (SOH) IQ modulator consists of two
1.5 mm long Mach-Zehnder modulators (MZM). Each MZM is driven by a
ground-signal-ground (GSG) transmission line contacted via a bias-tee and a
microwave probe (not shown) and terminated with a 50 Q resistor. An
intentional optical path length imbalance in the parent MZM allows to adjust
an optical n/2 phase shift between I and Q via wavelength tuning. To
generate the four-level drive signal for each MZM, the PRBS signals from
two GTH ports with independent output voltages differing by 6 dB are
combined in a power combiner. The resulting 4-level signal is applied to the
modulator electrodes. An external cavity laser (ECL) is used as an optical
source, and an erbium-doped fiber amplifier (EDFA) compensates the optical
insertion loss of the device before the signal is fed to the optical modulation
analyzer (OMA).

show for the first time that non-resonant silicon-based MZM
can be driven directly by standard FPGA outputs without
further amplification.

B. Transmission Experiment

In a second experiment, we demonstrate data transmission
by using the FPGA board both as a date source and sink. We
again transmit OOK signals and detect them by a high-speed
photodiode, but now connect the photodiode output to a GTX
receiver on the same board, Fig. 4, thus simulating an
electrical end-to-end communication system with optical
transmission interface. No additional electrical amplifiers are
used at the transmitter or receiver side. EDFA and BPF are
again used for loss compensation and elimination of ASE.
Signal generation and reception is performed with the
Chipscope software provided by Xilinx. We measure a real-
time BER of 6.6 x 10°®. This is significantly worse than in the
transmission experiments with offline data processing, but still
well above typical forward-error correction (FEC) thresholds
of 45x 1072 for a 7% overhead [23]. The lower reception
quality is attributed to the single-ended operation of the
differential GTX Rx input, which is fed by a high-speed
photodiode having rather small peak-to-peak output voltages
of 30 mV,,. This voltage is significantly smaller than the input
voltage of 150 mV that is specified for the GTX Rx.
Nevertheless, this experiment shows the general viability of an
electrical end-to-end communication system with an optical
interface that does not require additional electrical
components.

IV. DAC-LESS GENERATION OF ADVANCED MODULATION
FORMATS USING SOH I1Q MODULATORS

In a second set of experiments, we increase the spectral
efficiency of the optical signal by employing advanced
modulation formats and thus increasing the number of
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Fig. 6. (a) Electrical drive signals from FPGA GTH ports: Eye diagrams (top) for 2- (left) and 4-level (right) drive signals for QPSK and 16QAM. Output
voltages of the drive signals for QPSK and 16QAM amount to 280 mV,, and 410 mVy,, respectively. EVM values of the constellation diagrams (bottom)
obtained after complex superposition of drive signals are measured to be 8.9 % and 6.7 % for QPSK and 16QAM, respectively after applying equalization at the
receiver. (b) Optical constellation diagrams of optical 16QAM (top) and QPSK (bottom) signals generated (b2b) and transmitted over fiber spans of 10 km,
50 km and 100 km length. An erbium-doped fiber amplifier (EDFA) at the receiver side was only used for a transmission distance of 100 km. The influence of
transmission distance on signal quality is small: For QPSK signals, the EVM,, of 14.3% after 100 km still suggests BER values well below 10~°. For 16QAM, the
measured BER increases from 3.5 x 107 to 1.2 x 1073, which is still below the 3rd generation FEC limit with 7 % overhead [23].

encoded bits per symbol while maintaining the amplifier-less
scheme for signal generation. While the generation of multi-
level signals, for e.g. 16QAM, usually requires digital-to-
analog converters (DAC), our scheme relies solely on the
binary FPGA output signals and passive components. The
setup is similar to the one used in the previous experiment, see
Fig. 5. The SOH MZM modulator is replaced by a 1.5 mm
long 1Q modulator which is connected to the outputs of an
FPGA’s GTH lines operating at 13 GBd. As the device is
longer than the MZM modulator, a lower z-voltage of 0.53 V
is measured at DC. Considering the length difference, the
values for the zvoltages of both modulators are in good
agreement, leading to 7voltage-length products of less than
0.8 Vmm for both devices.

For generating each of the |1 and Q drive signals in the
16QAM experiment, we combine two GTH lines by using a
power coupler, Fig. 5. The 6 dB power difference between the
two signal components required for a bipolar 4-level signal is
realized by reducing the output voltage of one output port via
the FPGA software and internal circuitry. Fine adjustment of
the binary output levels of the FPGA can be used to
compensate the nonlinear transfer function of the MZM.
Unlike the experiment described in Section 111, no FIR filter is
required for compensating the low-pass characteristic of the
FPGA output since the GTH output ports of the VC7222 used
here exhibit a higher cut-off frequency than the GTX ports of
the VC707 used in the previous experiments. Without the use
of the FIR, we profit from higher output voltages. The 1Q
modulator features an optical insertion loss of 26 dB.
Compared to the insertion loss of the MZM in Section Ill, the
higher loss is due to longer phase-shifter sections and access
waveguides. After amplification in a subsequent EDFA and
transmission, the signal is fed to an optical modulation
analyzer (OMA). The 90° phase shift between | and Q
component of the optical signal is adjusted by an optical path-
length imbalance between the two arms and choice of the

appropriate wavelength. For simplicity, we set up a homodyne
receiver by splitting the external cavity laser (ECL) output in a
signal and a local oscillator (LO) path.

For the experiment, we use a Xilinx XC7VH580T FPGA on
a VC7222 evaluation board. A PRBS of length 2%'-1 is
generated in the FPGA and sent to the GTH ports. At a symbol
rate of 13 GBd, this leads to an aggregate data rate of
26 Gbit/s and 52 Gbit/s for the QPSK and 16QAM formats,
respectively. In the case of QPSK signaling, peak-to-peak
drive voltages of 0.28 V, are measured for the two-level I-
and Q signal before the bias-tees used to set the bias point of
the modulator. For 16QAM, the peak-to-peak drive voltage of
the four-level signals amounts to 0.41 V,. The bias-tees are
connected to the microwave probes contacting the chip. Eye
diagrams for the electrical drive signals are depicted in the top
row of Fig. 6 (a). The quality of the 16QAM drive signals is
impeded by the power couplers, which are specified to work in
the range of 1-18 GHz only. To quantify signal quality of the
drive signal, we plot the 2- and 4-level drive signals for | and
Q in the complex plane and measure the error vector
magnitude of the resulting constellation diagrams that are
depicted in the bottom row of Fig. 6 (a). For measuring the
EVM, we use the definition normalized to the maximum
vector length of the constellation diagram denoted as
EVM,, [22]. Without using an equalizer at the receiver, EVM,,
values for the drive signals for QPSK and 16QAM are
measured to be 13.6 % and 8.0 %, respectively. Applying an
equalizer decreases the EVM,, values to 8.9 % and 6.7 %, see
Fig. 6 (a).

For the optical signal, additional to measuring EVM values,
we also measure the BER. We record the signals with real-
time oscilloscopes and perform offline signal analysis which
includes post-equalization. Within our record length of
approximately 1.6 Mbit, we do not measure any errors for the
back-to-back (b2b) QPSK signal. This is in good agreement
with the measured EVM,, values of 13.3 % which indicates a
BER well below 10° [22]. For 16QAM b2b transmission, we
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measure a BER of 3.5 x 10 and an EVM,, of 10.2 %. The
measured BER is in good agreement with the BER of 4 x 107
which can be estimated from the EVM [22]. The
corresponding constellation diagrams are depicted on the left
hand side of Fig. 6 (b).

We then perform transmission experiments with fiber spans
of 10 km, 50 km and 100 km. The results of the signal quality
analysis and the constellation diagrams for the b2b case and
transmission are depicted in Fig. 6 (b). An additional optical
amplifier at the receiver side is used only for transmission
over 100 km. For distances larger than 10 km, digital
compensation of chromatic dispersion is applied. The
influence of transmission on the quality of QPSK signals is
negligible, as the EVM,, is still 14.3 % for a transmission
distance of 100 km. No errors were found in the recordings
and we estimate a BER < 10° from the EVM,,. Hence, we
consider the signal error-free. For the transmission of 16QAM
signals, there is no significant change in EVM,, or BER for a
10 km fiber span. Even for transmission over up to 100 km,
the BER of the 16QAM signal is 1.3 x 10, still below the
limit of 4.5x107 for 3rd generation hard-decision FEC
coding with an overhead of 7 % [23].

V. ENERGY CONSUMPTION OF MODULATOR

In our experiments, no additional drive circuitry is used to
interface the electrical ports of the FPGA to the EO modulator.
As a consequence, the modulator must be operated solely with
the energy provided by the binary FPGA outputs, which
amounts to approximately 100 fi/bit for a data rate of
13 Gibt/s, a peak-to-peak output voltage of 500 mV,, and a
50 Q impedance. It is a unique feature of our SOH devices
that they can be operated with a small fraction of this energy.
For analysis of the modulator energy consumption, we assume
that the terminated 50 Q transmission lines of each MZM can
be modeled as a single 50 Q resistor in an equivalent-circuit
representation. For an 1Q modulator, we have to consider the
power consumption of two MZMs. For 16QAM, the
magnitude of the bipolar drive voltage of each MZM can have
two levels that are related by a factor of 1/3. Assuming equal
distribution of all 16QAM symbols, both signal levels occur
with equal probability. From this, the energy consumption can
be calculated by dividing the power consumption by the bit
rate [17],

2 2
U U
Whit160am = 2 1(Yq £+1 1Ug) 1 x 1
’ 2\ 2 ) R 2\32 ) R| ngoam

where Uy is the peak-to-peak value of the drive voltage,
R =50 Q is the impedance of the termination and rygoam is the
bit rate of the 16QAM signal. Inserting the values from our
experiment into the equation, Uy=041V and
reoam = 52 Gbit/s, we find an energy consumption per bit of
Whit160am = 18 fJ/bit. This is the lowest value that has been
reported for L6QAM signaling.

(D)

VI. SUMMARY
We demonstrate DAC-less and amplifier-less generation

and transmission of optical data signals by directly driving
SOH modulators with the binary sub-Volt outputs of an
FPGA. Using an SOH Mach-Zehnder modulator, we generate
error-free OOK and BSPK signals at 10 Gbit/s. We
demonstrate the viability of concept for end-to-end
transmission by feeding the OOK signal to a photodiode
which is connected to a GTX receiver port of the same FPGA.
In a second set of experiments, we generate QPSK and
16QAM signals at 13 GBd and transmit them over distances
of up to 100 km. QPSK remains error-free for all transmission
distances; for 16QAM, the BER remains below the threshold
for hard-decision forward-error correction with 7 % overhead.
The SOH 1Q modulator is shown to be highly energy-efficient,
enabling 16QAM signaling at an energy consumption of only
18 fi/bit at a data rate of 52 Gbhit/s. To the best of our
knowledge, this is the lowest value reported for 16QAM
signaling in literature so far.
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